Fluctuations play an important role in diffractive production of vector mesons. It was in particular recently suggested, based on the Impact-Parameter dependent Saturation model (IPSat), that geometrical fluctuations triggered by the motion of the constituent quarks within the protons could explain incoherent diffractive processes observed at HERA. We propose a variant of the IPSat model which includes spatial and symmetry correlations between constituent quarks, thereby reducing the number of parameters needed to describe diffractive vector meson production to a single one, the size of the gluon cloud around each valence quark. The application to J/Ψ, ρ and φ diffractive electron and photon production cross sections reveal the important role of geometrical fluctuations in incoherent channels, while other sources of fluctuations are needed to fully account for electroproduction of light mesons, as well as photo production of J/Ψ mesons at small momentum transfer.
I. INTRODUCTION
Fluctuations play an essential role in the diffractive production of vector mesons. It was recently suggested that these fluctuations could be dominated by those, event by event, of the constituent quark positions inside the proton, and that these could be constrained by the incoherent diffractive photoproduction of J/Ψ mesons off protons [1] . Such fluctuations, of essentially geometrical origin, are commonly referred to as "geometrical fluctuations". They are the analog of the fluctuations linked to the positions of the nucleons in high energy nucleusnucleus collisions [2] .
As we shall see, a crucial ingredient entering the calculation of the diffractive processes is the cross section of a small color dipole crossing the proton at a given impact parameter. The interaction of the dipole with the proton is directly sensitive to the total density of gluons that it "sees" on its path through the proton. Although we have experimental information about the total (integrated over the impact parameter) density of gluons in a proton, the dependence on the impact parameter is much less constrained. A simple dipole model that includes the physics of saturation and takes explicitly into account the impact parameter dependence of gluon distributions is the Impact-Parameter dependent Saturation model (IPSat) [3] [4] [5] [6] [7] . In the IPSat model the impact parameter dependence of the amplitude is simple to implement and it can be easily generalized from Deep Inelastic Scattering (DIS) off protons to DIS off nuclei [8] [9] [10] [11] . Other excellent probes of the high energy saturation regime are the exclusive diffractive processes in the electron-proton collisions: exclusive vector meson production and deeply virtual Compton Scattering (DVCS) are the prominent examples.
Our main interest, in the present work, is the physics of exclusive diffractive meson production, since an interesting new piece of information can be extracted from such reactions, namely how much the spatial gluon distribution fluctuates, event-by-event, within a proton. Experimentally one can access this information via exclusive incoherent diffractive meson production, i.e. events connected with a dissociated proton [12] . Including the analysis of coherent diffractive processes where the proton remains intact, both the impact parameter dependence and the fluctuations of the gluon distribution in the proton can be constrained [1] . Different final states depend in different ways on the impact parameter, where intrinsically non-perturbative physics may become relevant. Thus the fluctuations of the shape of the gluon distribution may be influenced by non-perturbative physics and the aim of the present work is a detailed study of some of such non-perturbative effects. To this end we present a self-consistent approach where the spatial quark and gluons distributions are consistently calculated. The number of parameters drastically reduces and the predictive power of the IPSat model increases since it is based on calculated properties of the quark wave functions.
The paper is organized as follows. In Sect. II we review the approach used by Mäntysaari and Schenke in Ref. [1] to calculate the vector meson production cross sections. In particular, we stress the role of geometrical fluctuations in the description of incoherent photoproduction of J/Ψ mesons. In Sect. III A we present and discuss the quark correlations which are relevant in the description of diffractive processes. These are obtained in a specific quark model that allows for a simple determination of the quark wave functions of the nucleons. Fluctuations in the density of gluons are introduced, as in Ref. [1] , by attaching a gluon cloud around each valence quark. In Sect. IV we use DGLAP evolution equations to various degrees of precision in order to relate quarks, gluons and sea quark degrees of freedom at the initial non-perturbative scale to their values at the large experimental scale. In Sec. V we present our main results for the coherent and incoherent J/Ψ photoproduction, while J/Ψ, ρ and φ electron photoproduction is discussed in Sect. VI. Finally, conclusions are drawn in Sect. VII.
II. DIFFRACTIVE DEEP INELASTIC SCATTERING IN THE DIPOLE PICTURE
In deep inelastic lepton-proton scattering, the exclusive production of vector mesons (V ) proceeds via the exchange of pomerons in the case of a diffractive process where no color is exchanged between the proton and the produced system. The absence of colored strings leads to a rapidity gap (a region in rapidity with no produced particles) which characterizes experimentally the diffractive events. If the scattered proton remains intact, the process is called coherent, while for incoherent processes the final proton breaks up (see Ref. [13] for an introduction to diffractive processes and their description within perturbative QCD).
Explicitly, using the notation of Ref. [1] , we write the coherent diffractive cross section as
where
is the scattering amplitude, x I P = (P − P ′ ) · q/(P · q) the fraction of the longitudinal momentum of the proton transferred to the pomeron (IP ), and the momentum transfer (square) is t = −(P ′ − P ) 2 with P and P ′ the initial and final proton four-momenta. The virtual photon-proton scattering is characterized by a total center-of-mass-energy squared
2 , ∆) for diffractive vector meson production assumes the form [4, 5] 
where the subscripts T and L refer to transverse and longitudinal polarization of the exchanged virtual photon. This expression is based on the dipole picture: the photon fluctuates into a quark-antiquark pair, a color dipole, with transverse size r, while z is the fraction of the photon's light-cone momentum carried by a quark. This picture holds in a frame where the dipole lifetime is much longer than the interaction time with the target proton. The γ * p scattering then proceeds through three steps: i) The incoming virtual photon fluctuates into a quark -antiquark pair; the splitting of the photon is described by the virtual photon wave function Ψ, which can be calculated in perturbative QED (see e.g. Ref. [14] ). ii) The q-q pair scatters on the proton, with a cross section σto be discussed below. This cross section is Fourier transformed into momentum space, with the transverse momentum transfer ∆ conjugate to b−(1−z)r (distance, in the transverse plane, from the center of the proton to the center-of-mass of the dipole [5] ). iii) The scattered dipole recombines to form a final state, in the present case the vector meson with wave function Ψ V (cf. A). The factor (1 + β 2 ) in Eq.
(1), is described in B together with other phenomenological corrections.
In Eq.
(1) the amplitude is averaged over the proton ground state, as indicated by the angular brakets. When breakup processes are included, the square of the average amplitude leaves the place to a sum over intermediate states. Ignoring in that sum the contribution of the ground state, which yields the coherent part of the cross section, we are left with the incoherent cross section. This takes the form [1] 
and involves the variance of the amplitude. Note that, as written in Eq.(2), the amplitude A is averaged over the dipole size and the impact parameter.
A. Coherent production
In this paper, we shall rely on the the IPSat model [3] [4] [5] [6] [7] , which has been very successful in describing a wide range of data from HERA. In this model the dipole cross section is given by (see e.g. [15] )
where the proton (transverse) spatial profile function T G (b) is assumed to be Gaussian in a first approximation, viz.
The scale µ in the gluon distribution function x I P g(x I P , µ 2 ) is related to the size r of the dipole
and the gluon distribution is parameterized as (5) is chosen to be BG = 4 GeV −2 . The H1 data are from [16, 17] . Loosely speaking, what the IPSat model does in Eq. (4), is to take the integrated gluon distribution (7), and redistribute the gluons in transverse plane according to the phenomenological profile T (b) given in Eq. (5).
As an illustration of the results obtained within such an approach, we display in Fig. 1 the cross section for the coherent J/Ψ diffractive photoproduction (Q 2 = 0, real photons, and therefore transverse response only). The results shown in Fig. 1 reproduce those shown in Fig. 6 of Ref. [1] , for B = 4 GeV −2 . The scale µ 2 0 entering the initial condition for the DGLAP evolution of the gluon distribution x I P g(x I P , µ 2 ) [3] , is taken from Ref. [6] (m c = 1.4 GeV is used for the charm quark mass). (3)). Following the authors of Ref. [1] , we assume that these fluctuations have a geometrical origin, i.e., they are dominated by the fluctuations, event by event, of the locations of the constituent quarks in the transverse plane. We then consider the density T (b) in Eq. (4) as resulting from the sum of the contributions of the individual quarks, i.e.,
with
with parameter B q . That is, we assume that each constituent quark is surrounded by a cloud of gluons, assumed also to be Gaussian, and represented by T q in Eq. (9) . In practice one starts sampling the constituent quarks' positions in the transverse plane (b i , i = 1, 2, 3), from a Gaussian distribution with width parameter B qc , neglecting any possible correlations between the quarks [1] . For fixed N q (N q = 3) the degree of fluctuations is controlled by the relative sizes of the parameters B qc and B q . In Fig. 3 an example of a "lumpy" proton configuration is shown: it corresponds to a relatively broad distribution of constituent quarks, B qc = 3.3 GeV [16] and [17] (circles), incoherent data (triangles) from H1 and ZEUS experiments of refs. [17] and [18] . The single square refers to the total cross section of the H1 experiment at large momentum transfer [19] .
quarks, B qc = 1.0 GeV −2 = (0.1973 fm) 2 , with a broad distribution of gluons around each constituent quark, B q = 3.0 GeV −2 = (0.3418 fm) 2 ). The parameters are chosen in such a way that the two-dimensional gluon root mean square radius of the proton is kept at the fixed value
The configurations obtained via the sampling procedure just described represent the basic ingredients for a complete calculation of the coherent and incoherent diffractive vector meson production. The number of configurations considered in the present study for the evaluation of Eqs. (1) and (3), is N conf = 10000. We have checked that the results of our simulations are stable when N conf is increased beyond this value. We show in Fig. 4 the results obtained for the photoproduction cross sections, in the kinematical conditions of the HERA experiments, and for the "lumpy" configurations of GeV −2 and B q = 3.0 GeV −2 ) and calculates again coherent and incoherent cross sections for diffractive photonproduction at HERA kinematical conditions, the results of Fig. 5 are obtained. The incoherent cross section is largely underestimated, while the calculated coherent cross section reproduces the HERA data. This just confirms the conclusion of Ref. [1] regarding the sensitivity of the incoherent scattering to the strength of the (geometrical) gluon fluctuations.
III. A QUARK MODEL BASED APPROACH TO DIFFRACTIVE SCATTERING
The description of incoherent diffractive vector meson production that has been discussed in the previous section relies on simple Gaussian approximations for the quark distribution as well as the gluon distribution around each constituent quark. They have revealed the large sensitivity of the process to the fluctuations in these distributions. However the calculation, which essentially duplicates that of Ref. [1] , completely neglects correlations between the constituent quarks. Such correlations could however affect the gluon fluctuations. Our goal in the next sections is to develop a simple treatment of these correlations, based on a quark model for the nucleon wave function (QMBA). As an outcome of this approach, we shall see that the number of free parameters to describe the diffractive scattering is drastically reduced and the predictions are more directly related to the quark and parton dynamics.
The correlations among (constituent) quarks are induced by their mutual interaction, in particular by the One-Gluon-Exchange. In the non-relativistic limit, this yields the so-called hyperfine interaction [23] 
This interaction introduces a spin dependence in the quark wave function. In particular the contact term of Eq. (11) (which is the most relevant) is repulsive in S = 1 states (uu pairs in protons and dd pairs in neutrons) and attractive in S = 0 (ud pairs). It contains also a tensor component expressed in terms of the quark spin S i and the relative coordinates r ij . The N − ∆ mass difference (fixed at about 300 MeV) also fixes the value of α S (see e.g. Ref. [24] ).
A. The Isgur and Karl model and SU(6) breaking
The presence of the hyperfine interaction naturally breaks SU (6) symmetry and leads to a description of the proton as a superposition of different SU (6) configurations (multiplets 56, 70). A specific realization is given by the model introduced by Isgur and Karl, where, by diagonalizing the Hamiltonian in a harmonic oscillator (h.o.) basis up to 2 ω 0 states, one finds the following nucleon wave function [25] 
The first state in Eq. (12) 
B. The two-harmonic-oscillator (2 h.o.) model
In the present study we simplify the picture with in mind the description of the scattering properties. We will describe the SU (6)-breaking effects induced by the hyperfine interaction within a harmonic-oscillator model and introduce two different force constants between u and d quarks. For the nucleons, the procedure is as follows (see ref. [26] ): the nucleons p and n are constructed from the two types of constituent quarks, u and d, which are considered to be distinct and not to be permuted. The internal quark wave functions are written as p(uud) and n(ddu), in each case taking the first two quarks to be identical. Given spin-dependent forces, the third (unlike) quark will have a different interaction with the first two (like) quarks than these two will have with each other. The justification for using these wave functions has been discussed in detail by Franklin [27] many years ago, and applied by Capstick and Isgur [28] to construct a relativized quark model for baryons. The two-body potential takes the form
where ̺ = ( r 1 − r 2 ) / √ 2 and λ = ( r 1 + r 2 − 2 r 3 ) / √ 6 are Jacobi coordinates. Two h.o. constants can be defined:
The three-quark wave function is then written as
where φ p = |uud , φ n = |ddu , and
are the spin components. A physically sensible way to fix the parameters (14) is to relate them to the charge r.m.s radius of the proton and neutron:
and consequently α 2 ≈ 1.35 fm −2 and β 2 ≈ 1.99 fm
The neutron charge distribution can be reproduced by breaking the SU (6) symmetry (α = β) and vanishes in the SU (6)-symmetric limit of a single harmonic oscillator potential (α = β).
C. The density profile function and sampling procedure
The 2 h.o. average transverse profile function is obtained from the spherical density ρ 2ho (r),
where (from the wave function (15))
and dr ρ 2ho (r) = N u + N d = 3. Consequently
Eq. (19) explicitly summarizes the effects on the profile function of the correlations between quarks that are due to the SU (6)-breaking component of the One-GluonExchange and the spin-isospin symmetries of the proton wave function. The SU (6)-symmetric limit of a single harmonic oscillator wave function is recovered for
in which case
i.e. a Gaussian approximation with B 0 = 6.34 GeV −2 . The sum in Eq. (19) can be sampled by a random selection of the single term of the sum, followed by sampling the distribution of that term [29] . In this way the correlated positions of the quarks relative to the origin, b i (i = 1, 2, 3) are sampled from the 2 h.o. distribution (19) .
We should emphasize here that the sampling of the one-body density takes into account the correlations among the constituent quarks only to the extent that these modify the one-body density. In principle, since the full wave-function is known, it should be possible to calculate more fully the effect of these correlations, but this is beyond the scope of the present paper.
Gluon densities are obtained by adding, as was done earlier, around each constituent quark in the transverse plane as described by the profile (19), a Gaussian gluon distribution with parameter B q . Examples of gluon transverse density profiles obtained in this way are shown in Fig. 6 . The results are analogous to those shown earlier in Fig. 3 , but in the present case the only free parameter is the width B q of the gluon cloud around each valence quark, the positions of the quarks being determined by the simplified 2 h.o. wave function and the electromagnetic sizes of proton and neutron (cf. Eqs. (16)), with no additional free parameter.
IV. FROM QUARKS TO PARTONS
The description of the quark states, within an appropriate quantum mechanical approach, as detailed in the previous section, allows us to connect quarks and partons in a consistent way avoiding a new set of parameters entering the gluon distribution (cf. Eq. (7)). In the present section we recall how to connect partons and quarks within a framework which makes use of QCD perturbative evolution.
A. Valence quarks and partons
A simple description which connects the parton distributions to the momentum density of the constituents has been developed in the past (e.g. [30] ). Within that approach the valence quark distribution for the bare nucleon is written as
k + = k 0 − k z is the light-cone quark momentum fraction, n(k) the quark momentum density distribution predicted by the specific QM wave functions, and M and m are the nucleon and constituent quark masses, respectively. One
i.e. the particle sum rule is preserved and the valence quark distributions (23) are defined within the correct support 0 < x < 1.
In detail, the 2 h.o. quark momentum distribution within the proton reads 
Of course the distributions (26) and (27) refer to an extremely low energy scale where the total amount of momentum is carried by the three valence quarks, with no gluon or sea contributions (bare nucleon). In the next Section a concrete way to include the cloud degrees of freedom will be presented.
B. From the meson cloud to sea quark and gluon distributions
The quark model can be integrated with its virtual meson cloud incorporatingpairs into the valence-quark picture of the parton distributions described in the previous sub-section, dressing the bare nucleon to a physical nucleon (see e.g. ref. [31] and references therein). The physical nucleon state is built by expanding it [in the infinite momentum frame (IMF) and in the one-meson approximation] in a series involving bare nucleons and two-particle, meson-baryon (MB) virtual states. The description of deep inelastic scattering (Sullivan process) implies that the virtual photon can hit either the bare proton p or one of the constituents of the higher Fock states. In the IMF, where the constituent of the target can be assumed as free during the interaction, the contribution of those higher Fock states to the quark distribution of the physical proton can be written
The splitting functions f BM/p (y) and f MB/p (y) are the probability of the Fock state containing a virtual baryon (B) with longitudinal momentum y and a meson (M) with longitudinal momentum fraction 1 − y. The quark distributions in a physical proton are then given by
where q bare p is given by Eqs. (26) (27) and δq p is from Eq. (29) .
is the renormalization constant and is equal to the probability to find the bare nucleon in the physical nucleon. In Fig.7 the results are shown comparing the physical and bare parton distributions. The valence distribution is renormalized by the inclusion of the non-perturbative sea, the total sea distribution includes π, ρ, ω, K, K *
Meson-Baryon fluctuations, therefore the total sea is
Sea(x, µ More details can be found in Ref. [31] .
V. J/Ψ PHOTOPRODUCTION WITHIN THE QUARK MODEL BASED APPROACH (QMBA)
Before showing the complete set of results for the J/Ψ diffractive photoproduction in the coherent and incoherent channels, it is perhaps useful to summarize the approach that we have presented in Sections III and IV. i) We have proposed a generalization of the usual color-dipole picture (IPSat). The aim is to connect the diffractive scattering to proton properties like size, wave function symmetries, avoiding, as far as possible, ad hoc parametrization like in Eqs. (5), (6) , and (7). We have constructed a proton wave function in which the SU (6) breaking is simply introduced by means of a two harmonic oscillator potential between constituent quarks whose parameters are fixed by means of the experimental radii of neutron and proton. From that model the parton distributions are calculated at low resolution scale µ 2 0 including a sea component by means of a well established formalism for the light-cone (perturbative) Meson -Baryon fluctuations. The procedure implies many parameters for the coupling constant, but they are taken from the most recent literature without any specific changes for the description of the diffractive scattering. Standard DGLAP evolution is applied to generate gluon distributions at the scale of the process, µ 2 . No further parameters are needed.
ii) The description of the coherent photoproduction of J/Ψ does not need further ingredients and its calculation represent an absolute prediction directly related to a low-energy proton model. To describe incoherent diffraction an additional parameter (B q ) is needed to relate the fluctuations in the gluon density to the motion of the constituents quarks in the transverse plane, in analogy with Eqs. (8) and (9) as discussed in Sect. V B. The parameter B q which controls the size of the gluon cloud around each valence quark, is the only adjustable parameter of the approach.
A. DGLAP evolution
The predictions of the cross section for coherent and incoherent diffractive J/Ψ photoproduction are compared with HERA data in Fig. 8 . The leading order (LO) predictions (dashed lines) refer to a calculation where the gluon distribution that enters the dipole cross section is obtained by evolving the initial parton distribution using DGLAP equation at Leading Order. The next or next-tonext to leading order (N N LO) evolution equations are used for the calculation leading to the full lines (the difference between N LO and N N LO results could not be appreciated in the Figures). Strictly speaking, only the LO calculation is fully consistent with the form of the dipole cross section that we use. In the present calculation, the gluon distributions are predicted at high resolution scale starting from a low resolution physical picture of the nucleon. Their final values depend on the order of the evolution, which is reflected in the (weak) dependence of the diffractive cross sections on the order of the evolution, as shown in Fig. 8 . The fact that, as seen in Fig. 8 , the experimental results appear to be better reproduced by the higher order evolution may reflect the better determination of the gluon distribution, although the slight inconsistency mentioned above prevents us to draw a too firm conclusion at this stage. We may, minimally, re-gard the difference between the two sets of calculations as reflecting the intrinsic uncertainties of the theoretical model predictions here discussed. In the following we will present results obtained at N N LO, mainly because they appear to be numerically more stable that the LO ones.
B. Fluctuations in incoherent scattering
Incoherent diffractive photoproduction can only be described by including gluon fluctuation effects, as we have emphasized earlier. The procedure to include gluon fluctuations extends that used with the Gaussian approximation for the profile functions (see Eqs. (8) and (9), and also Fig. 4 ). In the case of the QMBA profile, the substitution analogous to Eq. (8) reads
From a practical point of view one starts by considering a sampling of the constituent quarks' positions (b i , i = 1, 2, 3, in the transverse plane), from the distribution T 2ho (b) of Eqs. (32) . This distribution includes part of the correlations between the quark positions coded in the 2 h.o. wave function. The gluon density around each constituent quark is assumed to be Gaussian in the transverse plane, and is described by the function T q (33). For fixed N q (N q = 3) the degree of fluctuations is controlled by the parameter B q . In Fig. 6 we have already shown an example of lumpy proton configuration assuming B q = 0.7 GeV −2 = (0.1651 fm) 2 as suggested by the study of a Gaussian profile (Figs. 3 and related  discussion) . Fig. 9 shows the relevant results for incoherent scattering comparing the calculations with the coherent component. The relevance of the fluctuations is confirmed, and also the value of the parameter B q . The Fig. 9 shows in fact that the values 0.7 GeV −2 ≤ B q ≤ 1.0 GeV −2 remain the favorite range. A consideration which is now independent from other parameters, specifically the parameter B qc needed to sample the position of the three quarks within the Gaussian approximation used in Ref. [1] . In fact, in our quark model based approach, the quark positions are sampled directly from the proton profile (19) deduced from the quark model wave function. Of course the inclusion of a gluon distribution surrounding each valence quark does modify the global transverse gluon profile as already discussed in the case of a Gaussian transverse density (see Eq. (10) and the related discussion). In the present case the rôle played by the parameter B qc of Sect. V B is assigned to the two parameters B u and B d of Eq. (19) . In order to keep the transverse gluon root mean square radius fixed one has to replace (cfr. Eqs. (10), (20)).
when B q > 0. In that way the gluon rms radius
(35) will remain fixed varying B q .
C. Quark correlations
In order to illustrate the specific rôle of the SU (6)-breaking symmetry and the related quark correlations, one can compare the results of the present QMBA 2h.o. correlated model with the limiting case of a single h.o. wave function which belongs to the 56-th multiplet. The parameters of the two models are chosen in a consistent way, namely fixing the charge radius of the proton at the experimental value, cfr. Sect. III B. Obviously the single harmonic oscillator model will predict a vanishing charge radius of the neutron as discussed in the same Section, just because of the lack of SU (6) configuration-mixing in the neutron wave function. The resulting transverse gluon profile function has been discussed in Sect. III C. In particular, forcing the single harmonic oscillator model to reproduce the proton charge radius, will result in a rather large value of the transverse gluon root mean square radius. The corresponding coherent scattering cross section is, therefore, too low as it is evident from Fig. 10 . The introduction of fluctuations does not alter the conclusion.
On the other hand, the incoherent scattering cross section calculated within the same single harmonic oscillator, SU (6)-symmetric, potential is able to follow the data behavior when a lumpy configuration is chosen (B q = 0.7 GeV −2 , full line in Fig. 10 ). We could conclude that the incoherent scattering is so strongly dominated by the fluctuations that the rôle of quark correlations is unimportant.
However such a conclusion needs to be qualified with the following considerations: i) from Fig. 9 : if one uses a wavefunction which includes the proper correlation effects, fluctuations are essential to reproduce the incoherent cross section and, at the same time, the results are moderately sensitive to the free parameter B q ;
ii) from Fig. 10 : if one uses a wavefunction poorly correlated (e.g. a single harmonic oscillator), the effects of fluctuations are strongly sensitive to the parameter B q .
The present calculations reveal therefore an interplay between the effects of correlations and those of fluctuations, the latter remaining however the crucial ingredient.
D. Small |t| behavior
The region at very small |t| deserves a specific comment. Indeed this is the region where our predictions for incoherent scattering appear to deviate significantly from the data. When |t| becomes small, the relevant fluctuations acquire a typical wavelength of the order of the size of the proton, and are not described by the geometrical fluctuations that we calculate. This can be seen from a simple analysis of Eq. (2) and Eq. (4). In the limit where ∆ → 0, the integral over the impact parameter in Eq. (2) becomes unconstrained, and the amplitude becomes proportional to the total dipole cross section, that is to the integral of Eq. (4) by recalling how fluctuations are generated through the sampling of the valence quarks configurations, namely Eqs. (32), (33): T 2ho (b) fluctuates because its value at a given b depends on whether there are valence quarks in the vicinity of b, which is controlled by the function T q (b − b i ). When |b| is constrained to be small, i.e., |b| ≤ R with R the nucleon size, the final value of T (b) is sensitive to the location of the individual quarks and its value fluctuates. But when |b| is allowed to vary over distance larger than the nucleon size, which is the situation when ∆ → 0, the value of T (b) becomes insensitive to the precise location of the quarks.
Thus the geometrical fluctuations of the kind discussed in the present paper are effective only at not too low momentum transfer. In the region of small momentum transfer, extra sources of fluctuations are called for. This issue has been discussed in ref. [1] . There, the authors have argued that fluctuations of the gluon density around each valence quark, that they express in terms of the fluctuations of the saturation momentum, can account for the missing ingredient, and can be tuned to reproduce the data in the small |t| region. Note that such fluctuations of the gluon density of the proton could also be understood in terms of the fluctuations of the size of the dipole going through the proton (see e.g. [32] for a recent discussion of such issues). We have already indicated that such fluctuations are explicitly left out in the present calculation. Note also that the fluctuations of the dipole size appear to be the relevant ones at t = 0 in the approach based on cross section fluctuations, as discussed for instance recently in Ref. [33] . The discussion of electroproduction in the next section will provide other indications on the importance of these fluctuations.
VI. J/Ψ, ρ AND φ ELECTROPRODUCTION WITHIN THE QMBA
In the present section we complete the presentation of the QMBA approach to the kinematical conditions of electroproduction, i.e. for Q 2 > 0. Diffractive data exist for J/Ψ, and lighter vector mesons like ρ and φ, and whenever possible, we compare our results to the available data. When appropriate, we also compare with the predictions based on the simple Gaussian profile function introduced in Sect II A. The Boosted wave functions used for the vector mesons are described in A 2.
A. J/Ψ electroproduction A systematic comparison of our results with the HERA data is presented in the upper panel of Fig. 11 for the J/Ψ coherent electroproduction. The data are rather well reproduced within the QMBA description of the transverse gluon shape (cf. Eq. (19)) with no ad hoc parameters. The slopes of the curves are essentially determined by the geometrical size of the nucleon, fixed by the two parameters of the 2ho wave function (cf. Sec. III), while the gluon distribution entering the dipole cross section (4) keeps the form determined at Q 2 = 0, i.e. for J/Ψ photoproduction (cf. Sect. IV B). The agreement deteriorates somewhat at large Q 2 . For Q 2 = 22.4 GeV 2 the Gaussian-model appears to perform slightly better.
The lower panel of Fig. 11 provides predictions for the incoherent electroproduction, for which there are no available data. We have considered two kinematical conditions, W = 100 GeV and W = 75 GeV, and values of Q 2 that are identical to those of the data for the coherent scattering (upper panel). The geometrical fluctuations are calculated following the procedure discussed for the J/Ψ photoproduction in the previous section. We recall that at low transfer, these predictions should not be trusted, for the reasons discussed in Section V D.
B. Lighter meson electroproduction
1. ρ production A large amount of data exist both for coherent and incoherent diffractive electroproduction of ρ-mesons. An example is shown in Fig. 12 where the H1 and ZEU S data, within a large range of Q 2 values, are compared with our predictions. The present 2ho QMBA approach and the Gaussian approximation (B G = 4.0 GeV −2 ) is confronted to both data sets (lower and upper panels). Slopes and Q 2 dependence are rather well reproduced except for the largest values of Q 2 . As was observed already in the case of the J/Ψ, the Gaussian profile function seems to leads to a better agreement at large Q 2 . We note however that as Q 2 increases, the photon wave functions probably become inaccurate (the Q 2 dependence of the whole cross section is entirely due to the Q 2 -dependence of the photon wave function (A 1); also, we use a conservative value for the mass m f that enters the meson wave function, as it can be seen from table (I) in A). Finally, we use here the LO evolution in µ(r) (cf. Eq. (6)). All these factors could play a role and further studies would be needed to pin down precisely their respective effects.
The analysis of incoherent scattering represents a novelty in the study of diffractive vector meson electro- [34] and ZEUS (lower panel) [35] . The data are compared with present calculations within the QMBA (2 h.o.) and the Gaussian (BG) approximation profiles. production 2 and in Fig. 13 we show our main results. Once again fluctuations are the crucial ingredient in order to have a non vanishing incoherent cross section. In the present case, however, the slope can be reproduced with a rather larger fluctuation parameter, i.e. B q = 1.5 GeV −2 = (0.2417 fm) 2 . Keeping instead the value B q = 0.7 GeV −2 = (0.1651 fm) 2 used for the J/Ψ photo and electro-production, would lead to too much fluctuations. For the largest value of Q 2 the QMBA results overestimate the data values while the Gaussian approximation predictions (B qc = (4 − 1.5) GeV −2 and B q = 1.5 GeV −2 ) are in better agreement. (We recall that B qc + B q = 4 GeV −2 , in the Gaussian approximation cfr. Sect.II B).
2 An initial analysis of incoherent diffractive electroproduction of ρ mesons has been proposed in ref. [1] . [34] and are compared with present calculations within the QMBA (2 h.o.) (full lines) and the Gaussian approximation (BG) profiles (dashed lines). In both cases the fluctuation parameter Bq = 1.5 GeV −2 and LO gluon distributions are used.
φ production
Results for coherent and incoherent φ elettroproduction are shown in Figs. 14 and 15. In particular in Fig. 14 the coherent diffractive cross section is shown as evaluated within both the QMBA and the Gaussian profile. As in the case of the ρ meson, both models fail in reproducing the largest Q 2 data which seem to follow a different slope.
In order to emphasize the rôle of the fluctuation parameter B q we show in the upper panel of Fig. 15 , the incoherent diffractive cross section evaluated within the QMBA and the Gaussian approximation fixing B q at the value used for the J/Ψ production, i.e. B q = 0.7 GeV −2 . As in the case of ρ meson production, for such value of the parameter B q one gets too much fluctuations. However, if one chooses the larger value already fixed in the case of diffractive production of the ρ, namely B q = 1.5 GeV −2 , one obtains the results shown in the lower panel of Fig. 15 which are in better agreement with the experimental data.
Aside from the issues already pointed out in our discussion of the ρ meson electroproduction, it appears that large dipoles are playing an important role for light mesons. Now, if this is the case, there are features of our calculation that are not well treated. In particular, the fluctuations of the dipole size may induce additional fluctuations that can in fact contribute to smear out the effect of geometrical fluctuations. Such a smearing is achieved here by increasing the size of the parameter B q . Such fluctuations of the dipole size appear to be unimportant for heavy quarks, and at not too small values of t, and the J/Ψ meson production is dominated by contributions of dipoles of small sizes. In this context, it would clearly be very interesting to have data on electroproduction of J/Ψ mesons at various Q 2 , to test for instance the predictions in Fig. 11 and in view of new electron-ion collider (e.g. ref. [36] ).
VII. CONCLUSIONS AND PERSPECTIVES
In the first part of the present work we have calculated the diffractive photoproduction of J/Ψ, for both coherent and incoherent channels, including quark correlations in the evaluation of the gluon transverse density profile. The description of the gluon density in the transverse plane has been achieved through a generalization of the IPSat model. This is based on an explicit quark model for the wave function of the valence quarks, with each constituent quark being surrounded by a gluon cloud. Both spatial correlations, induced by a simple two-harmonic-oscillator potential model, and SU (6)-breaking symmetry correlations are included in the wave function, and these appear to play a rôle in the explicit calculation of the cross sections in the two channels. Since the parameters of the quark model are fixed on low energy properties of the proton and the neutron, no adjustable parameters are needed to calculate coherent diffractive production, and a single parameter needs to be selected to describe incoherent diffractive scattering: the width of the gluon distribution around each valence quark. The integrated gluon density is explicitly calculated from the parton distribution deduced (at low resolution scale) from the quark model and evolved to the experimental, high energy, scale [34] and are compared with present calculations within the QMBA (2 h.o.) (full lines) and the Gaussian (BG) approximation profiles (dashed lines). In the upper panel the "lumpy" density profile selected to describe fluctuations in the J/Ψ photo and electro production (Bq = 0.7 GeV −2 ) is used and the predictions overestimate the data at large |t|; the lower panel results are obtained with a slightly "smoother" density profile (Bq = 1.5 GeV −2 ) and are in good agreement with data. See text.
using DGLAP equations. A subtle interplay between quark correlations and geometric fluctuations has been observed.
The second part of our work has been devoted to enlarge the domain of our study to diffractive vector meson production at Q 2 > 0, i.e. the electroproduction of J/Ψ and lighter mesons like ρ and φ. Two new ingredients enter the calculations: i) the Q 2 dependence of the cross sections; ii) the lighter mass of the mesons together with possible new non-perturbative effects.
i) The Q 2 dependence of the cross sections is determined by the photon wave function, more precisely by the overlaps (Ψ * V Ψ) T,L (Q 2 , r, z) of A. The Gaussian Boosted wave functions show their limits in the descriptions of large dipoles as discussed in Sect. VI B. The effect can be sizable at small as well as high Q 2 because of the interplay with the fluctuation of the dipole size. Calculations are in progress to model the lighter meson wave functions and dipole size fluctuations within a more elaborate approach better describing non-perturbative aspects (see also refs. [38, 39] ).
ii) The smaller masses of lighter mesons introduce non-perturbative contamination. The net result is that the only parameter describing incoherent diffractive production in our approach (i.e. the size of the gluon cloud around each quark) differs from the heavy J/Ψ meson from that needed for lighter mesons like ρ and φ. This points to the relevance, for lighter systems, of fluctuations of different origin than the geometrical fluctuations discussed in this paper. This is the case in particular of the fluctuations in the dipole size, that we have argued could play also a role in the very small t region.
Finally, we note that the method introduced here can also be translated in the discussion of Deep Virtual Compton Scattering.
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and N T,L and R are fixed by normalization conditions and the decay width (see ref. [5] for other details and Table I for the values of the parameters). The derivation of the amplitude for the exclusive vector meson production (2) (or DVCS amplitude if V → γ, real photon) relies on the assumption that the S-matrix is purely real and, consequently, the exclusive amplitude A of Eq.(2) purely imaginary. The corrections due to the presence of the real part is accounted for by the factor (1 + β 2 ) multiplying the differential cross sections (1), (3) . β is the ratio of real and imaginary parts of the amplitude and is calculated by means of
.
In addition for vector meson production (or DVCS) one should use the off-diagonal (or generalized) gluon distributions [37] . Such a "skewed" effect is accounted for (in the limit of small x xIP ), by multiplying the gluon distribution xg(x, µ 2 ) by a factor R g given by [5] R g (λ g ) = 2
λg +3
√ π Γ(λ g + 5/2) Γ(λ + 4) ,
The phenomenological corrections (in particular the skewedness correction) are numerically relevant. Evaluated without fluctuations and for J/Ψ photoproduction, their (average) numerical values are around 10% for the real part corrections and 40% for the skewedness correction in the kinematical region |t| ≤ 0.5 GeV 2 (see also ref. [1] ).
